Model version 2 (CESM2) modeling framework, is a major upgrade over the previous CAM5 that has been used in 15 numerous global and regional climate studies in the past six years. Since CESM2/CAM6 will participate in the upcoming Coupled Model Intercomparison Project phase 6 (CMIP6) and is likely to be adopted in many future studies, its simulation fidelity needs to be thoroughly examined. Here we evaluate the performance of a developmental version of the Community Atmosphere Model with parameterizations that will be used in CMIP6 (CAM6 α) with the default 1 º horizontal resolution (0.9 º ✕ 1.25 º , CAM6 α -1 º ) and a higher resolution simulation (approximately 0.25 º , CAM6 α -0.25 º ), against various 20 precipitation observational datasets over Asia. The CAM6α performance is also compared with CAM5 with the default 1º horizontal resolution (CAM5-1º). With the prognostic treatment of precipitation processes (which is missing in CAM5) and the new microphysics module, CAM6 is able to better simulate climatological mean and extreme precipitation over Asia, to better capture the heaviest precipitation events, to reproduce the diurnal cycle of precipitation rates over most of Asia, and to better simulate the probability density distributions of daily precipitation over Tibet, Korea, Japan and Northern China. 
gets better with upgraded physical parameterizations and higher horizontal resolution. Higher horizontal resolution, however, induces an opposite response to PDO in CAM6 over Southern China.
Introduction
The Community Atmosphere Model (CAM) is an atmospheric general circulation model (AGCM) developed at the National Center for Atmospheric Research (NCAR) with extensive community support. The fifth version of CAM (CAM5) 5 [Neale et al., 2010] , as part of the Community Earth System Model version 1 (CESM1) [Hurrell et al., 2013] , was widely used for climate studies over Asia. CAM5 included a two-moment cloud microphysics scheme that is missing in the previously CAM versions and improved the representation of low-level clouds [Morrison and Gettelman, 2008] , net conversion rates from water vapor to cloud condensation [Neale et al., 2010; Zhang et al., 1995] , and a three-mode aerosol module [Liu et al. 2012] .
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Among various applications, CESM1/CAM5 has been used in many studies regarding to clouds and precipitation over Asia. For example, Zhang et al. [2014] evaluated the sensitivity of simulated stratus clouds over eastern China to horizontal resolution in CAM5. Zhang and Chen [2016] investigated mean state and diurnal cycle of summer precipitation over continental East Asia in the CAM4 and CAM5 versions. Li et al. [2015] used CAM5 with different resolutions (2.8º, 1.0º and 0.45º, respectively) to study the impact of horizontal resolution on model performance in simulating precipitation over scale are still set to 1º. Enhanced model resolution has been demonstrated as a means to reduce model biases [Palmer, 2014; Yao et al., 2017; Chen et al., 2018] . Several early studies have evaluated global model simulations at 0.23º (20km) resolution [Oouchi et al., 2006; Kitoh and Kusunoki, 2008] . Other CAM5 studies have also tested resolutions of 0.5º [Bacmeister et al., 2013; Lau and Ploshay, 2009] or 1º [Zhang et al., 2014; Li et al., 2015; Lin et al., 2015; Lin et al., 2016] . The performance of 0.25º CAM6 simulations over Asia has not been examined rigorously.
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In order to provide insights on both physical schemes and horizontal resolution, here we analyze a three-model hierarchy. First, we explore the effects of new physical parameterizations by contrasting CAM6α-1º simulation with CAM5-1º. Second, we evaluate CAM6α with 1º and 0.25º resolution to quantify model sensitivity to horizontal resolution. This technical model evaluation paper is divided into the following sections. After the introduction (Section 1), Section 2 provides detailed information on model configuration, model experiment set up, as well as observational datasets used as 10 benchmarks. In Section 3, we compare climatological (multi-year) average of monthly mean and daily extreme precipitation simulated by three versions of CAM in the context of observational uncertainty. Section 4 is devoted to evaluation of precipitation variability at a wide range of time scales that is difficult to fine tune during model development process.
Section 5 discusses in detail the improved climate simulation over two regions, attributed to new physical parameterizations and higher resolution, respectively. Finally, we present further discussion and summary in Section 6. 
CAM simulation
The first set of simulation uses the publicly released version of CAM5.1 [Neale et al., 2010] . CAM5.1 treats stratus cloud microphysics with a double moment formulation of Morrison and Gettelman [2008] and Gettelman et al. [2008] . The spatial distribution of shallow convective activities is simulated with a set of realistic plume dilution equations [Park and 20 Bretherton, 2009] . The ice cloud fraction scheme allows supersaturation via a modified relative humidity over ice and inclusion of ice condensation amount [Gettelman et al. 2010] . A three log-normal mode model was used to predict aerosol concentration, and the number concentration of aerosols are then connected to ice/warm cloud microphysics accounting for ice and liquid activation of cloud crystals and drops [Liu et al., 2012] . A Finite-Volume (FV) dynamical core (1º) is used.
The second and third sets of simulation considered in this study use a near-ready version of CAM6 (denoted as 25 CAM6α) that has the same basic physics as the final version of CAM6 released in 2018 [Bogenschutz et al., 2013; Gettelman et al., 2018] but with slightly different tuning parameters. CAM6α used upgraded CLUBB [Golaz et al., 2002a and b] , new ice nucleation parameterization [Gettelman et al., 2015; Gettelman et al., 2018] , and modified aerosol modal model [Liu et al. 2016] . This model version, with the Spectral Element (SE) dynamical core [Lauritzen et al., 2018] For the direct measurement of temperature and precipitation, APHRODITE data is used [Yatagai et al., 2012] .
APHRODITE is a gridded daily precipitation product covering monsoonal Asia, Middle East and Russia, and is available at 0.25º × 0.25º resolution during the period of 1951-2007. The dataset was created by collecting rain gauge measurements across Asia.
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The Japanese 55-year reanalysis (JRA55)
The Japan Meteorological Agency (JMA) produced a reanlayais dataset (JRA55) using an operational data assimilation system with the 4D-Var scheme [Kobayashi et al., 2015] . The dataset covers 55 years from 1958 (when regular radiosonde observation began on a global basis) to 2013. JRA55 has a horizontal resolution of 0.56°.
Modern-Era Retrospective analysis for Research and Applications version 2 (MERRA2)
15
MERRA2 is a NASA atmospheric reanalysis for the satellite era (from 1980 to present) using the Goddard Earth Observing System Model, Version 5 (GEOS-5) with its Atmospheric Data Assimilation System. MERRA2 has a spatial resolution 0.625º × 0.5º [Gelaro et al., 2017] . We adopted MERRA2 as an additional benchmark specifically for daily precipitation evaluation, because of the well-known large uncertainty among various observational datasets [Sheffield et al., 2012; Trenberth et al., 2014] . 20
Tropical Rainfall Measuring Mission (TRMM)
The latest TRMM 3B43 Version 7 data (0.25º) between 1998 and 2016, downloaded from NASA Goddard Space Flight Center, combines multiple independent precipitation estimates from TRMM Microwave Imager and Global Precipitation Climatology Centre rain gauge analysis. The 3-hourly record over Asia (unavailable in other three data sources) from 1999-2004 are used in our study to assess the diurnal cycle of precipitation [Huffman, 2013] .
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3 Climatological statistics of mean precipitation and daily extreme precipitation Figure 1 shows the annual mean surface air temperature biases relative to APHRODITE. First note that although sharing some common surface measurements, the two observational datasets (JRA55 and APHRODITE) have major (Figure 1a ). We should not expect an atmospheric numerical model, which is only constrained at the surface by ocean temperature, to have a better performance in agreeing with the observational benchmark (APHRODITE here) than the reanalysis product (JRA55), which is fully constrained by both ground and atmospheric information. Thus, only areas over which the model-APHRODITE difference is larger than JRA55-APHRODITE difference are considered 'significant' and stippled in Figure 1b 
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Similar to the difficulty in capturing the high-elevation temperature in JRA55, there is a warm bias over Eastern and Southern China and a cool bias over Tibet in the CAM5 simulations (Figure 1b ). The cool bias over Tibet and warm bias over the foothill regions (both the Indian side and the northern edge of Tibet plateau) appear to be a long-standing issue for global and regional climate models. We note that the bias over Sichuan appears to be muted in the high-resolution version (Figure 1d ), raising the promise of further enhancing the resolution.
10
Moreover, CAM6α reduces the temperature bias over southern China (Figure 1b-c) . Over the entire domain considered in Figure 1 , The RMSE relative to APHRODITE is 2.3℃ for CAM5-1˚, 2.4℃ for CAM6α-1˚and 2.3℃ for CAM6α-0.25( Note that RMSE for JRA55 is 1.5℃). The Root Mean Square Difference (RMSE) as a regional average quantity is not sufficient in characterizing the performance of model that varies at finer scale. Because of this limitation, in the following evaluation for precipitation, we divide the entire Asia into several regional boxes (Figure 2 ).
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Figure 2 illustrates the climatological precipitation biases relative to APHRODITE. MERRA2 is considered here, as the third data source in addition to JRA55 and APHRODITE, to fully capture the larger uncertainty of observational datasets [Herold et al., 2015 [Herold et al., , 2016 . All three CAM simulations have a dry bias over the southern China and wet bias over the rest of China, especially Sichuan basin (near the eastern edge of Tibet Plateau) and also the Himalayan mountain range that defines the southern edge of Tibet Plateau. The precipitation bias in those regions are particularly concerning for two reasons: (a) 20 many major rivers in East Asia, South Asia and Southeast Asia have their headwaters in those regions, (b) these regions are also prone to natural hazards such as landslides.
Overall, CAM6α-1º performance is slightly better than CAM5-1º, and CAM6α-0.25º falls in between the 1º resolution models (RMSE are 1.83 mm/day for CAM5-1º, 1.62 mm/day for CAM6α-1º and 1.71 mm/day for CAM6α-0.25º).
Because of the large spatial heterogeneity, eight regions are selected to evaluate precipitation. Five domains shown as 25 the purple boxes of Figure 2c are Tibet, Sichuan, Korea, Japan and the Maritime Continent. The other three are India, Northern China and Southern China. Figure 3 shows RMSD and mean bias (the area average of model or dataset minus APHRODITE) of annual mean precipitation for eight selected regions. Note that over a few selected regions, the model performance is as good as reanalysis (such as over Japan, Korea and Southern China) and thus we will not further investigate the model improvement. Among regions where CAM models perform poorly compared with reanalysis (Sichuan, Tibet,
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India, Northern China and Maritime continent), CAM6α-1˚performance (RMSD) is better (lower) than CAM5-1˚for Tibet, Sichuan and Northern China, but gets worse for the Maritime continent. Notably, CAM6α-0.25˚is closer to observations over Sichuan and Northern China, but also get considerably worse for the Maritime continent (with a large RMSE=7.2 mm/day and bias=4.0 mm/day). We will explore the details that might lead to the progressive improvement over Sichuan and Northern China in Section 5, while the poor performance of CAM6, especially over Maritime continent will be dealt with in a separate paper.
We next assess the model performance in simulating precipitation, separately, for convective and large-scale components. The ratio of convective and large-scale precipitation is a useful diagnostic, because both convective activity and large-scale instability can lead to precipitation in this model. Most atmospheric models use the convective parameterizations 5 to balance large-scale thermal instabilities, and not to derive grid-scale microphysical and precipitation processes [Zhang and McFarlane, 1995; Kooperman et al. 2016] . The convective precipitation include the shallow and deep convective precipitation. In CAM6 shallow convective regime is handled by CLUBB coupled to stratiform microphysics and hence shallow convective precipitation is prognostic and part of the large scale precipitation.
The latent heating required by the atmosphere imposes an important constraint on the amount of mean rainfall, but 10 model horizontal resolution and parameter settings decides the time scales [Gustafson et al. 2014] . CAM6 estimate the shallow convective precipitation from explicit prognostic calculation rather than diagnostically estimate from large-scale instabilities. One of the reason that the simulated rainfall intensity is expect to improve when the model run at higher resolution is small-scale processes actually simulated as opposed to to parameterizations would produce more rainfall [Kopparla et al., 2013] .
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The reanalysis product JRA55 also provides a decomposition of convective and large scale precipitation. (Figure 4a ).
Note that the convective and large-scale rainfall in JRA55 is not really observations and the partitioning is highly dependent on the JRA55 model assumptions. The ratio of convective (PRECC) to large-scale (PRECL) precipitation is greater over the ocean than over the land, as expected. CAM6α-1˚has a larger ratio over the tropics, compared to CAM5-1º and JRA55 (Figure 4c ). The CAM6α-0.25˚simulated ratio is closer to JRA55, due to higher spatial resolution in both datasets ( Figure   20 4d).
Higher horizontal resolution models tend to simulate higher vertical velocities [Gettelman et al., 2018] and a lower ratio of convective to total rainfall, because a larger fraction of precipitation can be resolved as the consequences of largescale flow, limiting the need of invoking convective schemes. With a fixed amount of precipitable water, more condensation caused by the stratiform scheme means less is available for convective precipitation, so the ratio becomes lower.
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In addition, the compensation above is a feature of the physical parameterization suite in CAM due to timescale.
CLUBB and the prognostic cloud microphysics are run whenever large scale condensation that process removes all liquid supersaturation instantaneously. In contrast, the convective parameterization with a timescale produces mass flux and precipitation at a defined rate and consumes instability. The large scale condensation (including shallow convection and cloud microphysics) does more as the time step changes, while the deep convective parameterization does less. The high- (Figure 5a ), which indicates good performance for surface air temperature for all three models. The annual and seasonal precipitation (PRECT) correlations of the two CAM6α simulations are around 0.8, while the annual correlation of CAM5-1º is 0.7 (Figure 5b ). CAM6α-0.25º RMS is bigger than that of CAM6α-1º (green circles relative to blue circles in Figure 5b ). The maximum daily precipitation each month of a year 5 (RX1day) of CAM6α-1º performance better than CAM5 (blue circles relative to red circles in Figure 5c ). The number of heavy precipitation days (R10) shown large difference among three 'observation' data (black and gold circles in Figure 5d ), but the two CAM6α has bigger correlation coefficients (~0.8) than CAM5 (~0.7).
Overall, CAM6α models have better performance than CAM5-1º for the mean precipitation (Figure 5b 
Variability of simulated precipitation over Asian regions in various time scales
In this section, we evaluate simulated rainfall variability across a wide range of time scales. This serves as a useful test 15 of model performance, because it is difficult to improve model performance in simulating temporal variability, as opposed to the climatological average, based on simple tuning of one or more parameters. Moreover, it is expected CAM6 will be widely used to study climate variability at various time scales.
Variability of precipitation due to PDO, ENSO and East Asia summer monsoon index
The Pacific Decadal Oscillation (PDO) represents variability in the tropical and extratropical North Pacific at 20 interdecadal time scales that impact continental climate variables significantly [Mantua et al., 1997; Meehl et al., 2013] . Figure 6 shows a regression of annual precipitation in the observations and the models against the PDO index that derived as the leading principal component of monthly SST anomalies in the North Pacific Ocean [Mantua et al., 1997] . A common feature as revealed in the three observational records is the drying tendency over the Indochina Peninsula (e.g., Thailand) during positive PDO phases. This feature is well represented in all three CAM versions. Similarly, a wetting anomaly over 25 most of India during positive PDO is also captured in CAM versions. In contrast, the wetting anomaly over Southern China is simulated well in the CAM6-0.25º version, while the opposite anomaly is seen in the CAM6α-1º.
El Niño / Southern Oscillation (ENSO) plays a central role in the ocean-atmosphere coupled interannual variability.
CAM5 has been widely used to study ENSO impact over Asia [Chen et al., 2018; Hoell et al., 2016] . Figure 7 shows the regression coefficients between annual mean precipitation and ENSO (the cold tongue index used as the ENSO index in this 30 study) [Deser and Wallace, 1987] . Both 1º CAM model (Figure 7d and e) capture the observed wetting anomaly over Pakistan and Afghanistan and drying anomaly over Indonesia. However, we find that the drying tendency over Southern China during El Nino years (the upper row of Figure 7 ) is completely missing in CAM5 but starts to emerge in CAM6α-1º version and gets better in CAM6α-0.25º version. Our results here thus call into questions of the fidelity of previous ENSO studies on hydroclimate over Southern China using CAM5.
Next, we examine precipitation variability associated with higher-frequency fluctuations due to East Asia Summer Monsoon (EASM). The EASM is an important climate system over East China. Climate models are used widely for EASM 5 studies [Zhou and Li, 2002; Chen et al., 2010; Zhou et al., 2013] , although model biases for the EASM are a long-lasting problem from CMIP3 (Coupled Model Intercomparison Project phase 3) to CMIP5 with limited improvement [Song and Zhou, 2014; Kusunoki and Arakawa, 2015] . The East Asia Summer Monsoon Index (EASMI) is a unified Dynamic Normalized Seasonality (DNS) monsoon index defined by Li and Zeng [2002, 2003] . This index is based on intensity of monthly wind field and can be used to depict both the seasonal cycle and inter-annual variability of monsoons. The EASMI 10 for models are calculated from simulated wind field. Summer (June-July-August, JJA) mean is considered here. 
Seasonal cycle
Due to the monsoonal influence on both East Asia and South Asia, the summer precipitation dominates the annual total.
Thus, the summer-winter contrast in precipitation serves as a useful quantity for model evaluation. JRA55 has less of a 20 summer-winter contrast than APHRODITE (Figure 9a ). Compared to APHRODITE, MERRA2 has almost the same annual cycle over China (Figure 9b ). In CAM5, the JJA precipitation appears to be too large compared to the rest of the year.
CAM6α-1º simulations reduce the bias in the annual cycle over Pakistan (Figure 9c and d) , although models continue to overestimate seasonal variability over arid regions in western China. The seasonal variability is significantly improved in CAM6α-0.25º, especially along Himalaya mountain regions. Southern China, again, is a region where the CAM6-0.25º 25 performance is improved substantially. This is further diagnosed in the next Figure. In Figure 10 , we show the time series of zonal mean precipitation between 100ºE and 125ºE to evaluate model performance in simulating the annual cycle of EASM related precipitation. Figure 10 shows that precipitation in a year mainly occurs from May to September, and rapidly shifts to Northern China around June and continue to September [Su et al., 2017] . 10e and f), which is missing the persistent in CAM5-1º (the jumping cliff over July to August, Figure 10d ). This explains the CAM5 deficiency as shown in Figure 9 . Figure 11 shows daily rainfall frequency distribution from renalaysis/observation and models. Despite large uncertainties among observational datasets, daily intensity for the CAM6-0.25˚model (green line) is closer to observational 5 values over Sichuan basin than other simulations (Figure 11b ). CAM5-1˚simulates a higher frequency of light precipitation (0.1-1.0 mm/day) over Korea, Japan, Northern China and Southern China (Figure 11a, c, d, g and h) . New physical schemes in CAM6-1º capture the observational distribution over Korea and Japan (Figure 11c and d) . Realistic rainfall intensity is not energetically necessary because more frequent weak events can produce the same latent heating as those less frequent but more intense rainfall events. The large-scale precipitation in CAM6 improves the light rainfall over Korea, Japan and 10 Northern China (not shown).
Day-to-day variability and diurnal cycle of precipitation
To look into the heavy precipitation more carefully, Figure 12 shows the percentile precipitation from 90% to 99.99%, which captures the heaviest precipitation events [Kooperman et al., 2016] . CAM6 with new physics module (blue) lead to better performance over five of eight selected regions (Tibet, Sichuan, Japan, India, Northern and Southern China). Higher horizontal resolution (as in CAM6-0.25º, green) simulates better intensities over the Maritime Continent (Figure 12e ), but 15 the results degrade for the heaviest precipitation events over India, Northern and Southern China (Figure 12f-h ). Figure 13 shows the diurnal cycle of precipitation rates in June from TRMM satellite observations and model simulations. The satellite observations show that the diurnal peak in precipitation is around 20:00 (local time) over Tibet, India and the Maritime continent, while the peak over Southern China is in the afternoon (15:00 local time) (Figure 13a ).
CAM6α reproduces many features of the TRMM observations (Figure 13c and d) , while CAM5-1º simulates an earlier-in-20 the-day peak precipitation over India, Southern China and Maritime continent (Figure 13b ). CAM6α-0.25º simulates the diurnal cycle better than CAM6α-1º in the south of Tibet (Figure 13d ) along the Himalayas. In general, CAM6 models have significant improvements over CAM5 in simulating diurnal cycle of precipitation in East Asia.
The CLUBB parameterization appears to be be the reason for this improvement. CLUBB has prognostic moments that provide memory that facilitate the initiation of shallow convection in the mid-morning and early afternoon. It is important to 25 note that CLUBB improved simulation of the diurnal cycle is a robust feature in every development coupled and atmosphere-only simulation. The CLUBB unified parameterization is able to prevent the deep convective scheme from firing off too early and simulate a gradual transition of these regimes successfully [Bogenschutz et al., 2018] . New physical modules and higher horizontal resolution perform better over Sichuan by decreasing the convective precipitation (-0.38 and -0.81 mm/day, respectively) but for different reasons. Less moisture available for precipitation induced by CLUBB might lead to the decrease in the convective precipitation over Sichuan. High-resolution simulations tend to decrease the energy used for the convective process (decreased latent heat flux and sensible heat flux), and thus decrease the convective precipitation.
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New physics parameterizations in CAM6 simulate stronger solar flux reach the surface. This leads to more latent heat release, contributing to a decrease in the large scale precipitation by 0.25 mm/day. Better representation of topography at 0.23˚resolution leads to increased downward shortwave flux at the surface in Northern China. Less convective precipitation associated with increased resolution is seen over Northern China by -0.31 mm/day. We also examine the moisture budget using diagnostics for precipitation changes [Chou and Lan, 2012] . The moisture budget analysis defines the 10 mass conservation of water substance in an atmospheric column as:
where P is precipitation, q is specific humidity, u (v) is zonal (meridional) wind and E is evaporation into atmosphere. <X> is a mass-weighted vertical integral and X demoted the temporal mean. The horizontal advection can be further decomposed into stationary and transient term based on: 
Summary
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Here we present a comprehensive evaluation of AMIP-style experiments from 1979 to 2004 using the Community Atmosphere Model version 5 and 6 prototype (CAM5 and CAM6α) at 0.25º and 1º spatial resolutions. CAM6 is very different from CAM5, because it has included a higher order closure scheme for the boundary layer, shallow convection and is interactively coupled to stratiform microphysics within CLUBB, which replaces the previous convective parameterizations that diagnose the large-scale instability and the convective response separately.
The major findings of this study are:
(1) For the climatology of mean precipitation over Asia, CAM6α-1º substantially reduces model biases. Using an observational dataset (APRHRODITE) as the baseline, the mean squared error is reduced by 11% in CAM6α-1º compared to 10 CAM5-1º. In terms of spatial distribution, the most remarkable bias of CAM5 and CAM6 is excessive precipitation in the central China and rainfall deficit over South China.
(2) CAM6α better simulates the probability density distributions of daily precipitation over Tibet, Korea, Japan and (6) CAM6 models generally have improvements over CAM5 in simulating diurnal cycle of precipitation in East Asia, due to the CLUBB parameterization. CLUBB has prognostic moments that provide memory that facilitate the initiation of 30 shallow convection in the mid-morning and early afternoon.
Overall, CAM6 demonstrates a better performance over CAM5, but the model fidelity at regional scale still needs further improvement. Higher resolution improves CAM6 performance over Asia in many aspects, but some metrics are 
